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Vitamin E was first reported by Evans and Bishop in 1922 2 but its antioxidant properties were revealed by Emerson and co-workers when they showed that it could slow down the autoxidation of fats. 3 Vitamin E is a collective name for a family of compounds including four tocopherols and four tocotrienols. Structurally, they are all 6-chromanols. They differ in the number and position of methyl groups in the phenolic part and in the side-chain which is saturated in tocopherols 1-4 and triply unsaturated in the corresponding tocotrienols. In the tocopherol family, α-tocopherol (1) is the most reactive compound (kinh = 3.2 x 10 6 M -1 s -1 ). 4 Considerable efforts have been invested in order to improve the reactivity of 1. Ingold and coworkers found that compound 5 was a slightly more reactive antioxidant (kinh = 4.7 x 10 6 M -1 s -1 ) 5 due to better overlap between the chromane oxygen lone pair and the aromatic ring, resulting in a lower bond dissociation energy, BDEO-H, of the phenol.
More recently, Pratt and coworkers introduced nitrogen into the aromatic ring of -tocopherol. Thus, strongly electron-donating groups such as amines could be installed to lower the BDEO-H while the ionization potential of the compound did not drop below the critical point where electron transfer to dioxygen becomes a problem. Naphthyridinols 6, representing compounds of this type, were recently found to 1 α-Tocopherol R1= R2 = Me 2 β-Tocopherol R1 = Me; R2 = H 3 γ-Tocopherol R1 = H; R2 = Me 4 δ-Tocopherol R1 = R2 = H 3 efficiently quench peroxyl radicals in lipid bilayers. 6 Suitably positioned chalcogens (Se, S) have also been found to increase the radical trapping activity of phenolic compounds. 7 Recently, our group showed that alkyltelluro substituted ß-, γ-and δ-tocopherols 7a-7d
were at least 10-fold more reactive as radical-trapping agents than their respective parents. 8
Computational studies on alkyltelluro phenols suggested that oxygen-atom transfer from the peroxyl radical to tellurium is a key step in the antioxidant mechanism. The resulting alkoxyl radical in the solvent cage can then abstract a hydrogen-atom from the phenolic O-H. 9 Regeneration of the antioxidant from the phenoxyl radical/telluroxide formed was brought about by thiols ( Figure 1 ). Indeed, the inhibition time for compound 7 was 6.5-fold longer than recorded with α-tocopherol in a two-phase lipid peroxidation system. It occurred to us that it may be possible to benefit even more from the unusual reactivity of the heteroatom. The idea that emerged was to link two molecules of a tocopherol to tellurium. Surprisingly, only very few compounds of this kind are reported in the literature. They include the methano-and ethano dimers 8. 10 To the best of our knowledge, dimers linked together by a chalcogen are as yet unknown.
Synthesis: Symmetrical diorganyl tellurides can be obtained in high yields by
copper-induced detelluration of the corresponding diorganyl ditellurides. 11 This procedure was tried for the preparation of tellurobistocopherol 9. Although the ditelluride required was conveniently obtained from 5-bromo--tocopherol by dilithiation, Te-insertion into the C-Li bond and air-oxidation, extrusion of tellurium was unsuccessful. Instead, we were pleased to find that a similar strategy, using TeCl4 in place of elemental tellurium, provided compound 9 in low yield after reductive work-up (eq 3). 5 In a similar fashion, 7-bromo-β-tocopherol and 7-bromo-δ-tocopherol provided the corresponding tellurobistocopherols 10 and 11 in 33% and 26% yield, respectively.
Curious to study the effects of the phytyl chain, the methyl groups and the benzannulated cyclic ether on antioxidant capacity, compounds 12 and 13 were prepared using a similar procedure.
Evaluation: To determine the radical-trapping capacity and regenerability, all tellurobisphenolic antioxidants were evaluated in a two-phase lipid peroxidation system reminiscent of a biological membrane. 12 Briefly, When NAC (1 mM) was present in the aqueous phase, the Rinh-values were significantly lower for all compounds (Rinh = 1 -4 μM/h) and the Tinh-values longer (Table 1) . 7,7'-Tellurobis--tocopherol (11) inhibited peroxidation for 742 min or 7.6-fold longer than recorded for 11 ( Figure 2 ). This is the longest inhibition time we have ever recorded in the two-phase model. Removal of the phytyl chain and the When TCEP (0.5 mM) was used as a co-antioxidant, similarly low Rinh-values were recorded as with NAC (Table 1) . Whereas the inhibition times were generally shorter, the similar trend was seen when the compounds were arranged according to falling Tinh.
We were also curious to see how quickly NAC was consumed during a normal peroxidation experiment. Following a recently described procedure, 13 the aqueous phase was sampled every 30 minutes and the thiol was allowed to react with bis-4-pyridyl disulfide. The concentration of pyridine-4-thiol formed (eq 4), as determined by UV-spectroscopy at 324 nm, was used for monitoring the disappearance of NAC with time.
For α-tocopherol, the rate of NAC-consumption (33 µM/h) was low and essentially the same as recorded in control experiments (nothing but NAC in the two-phase system or NAC + linoleic acid + AMVN; Table 2 ). When a telluride antioxidant was present, the NAC was consumed more quickly. In the presence of tellurobistocopherols 9-11, 119 -131 µM/h of the thiol was consumed. The rate increased to 150 and 164 µM/h, respectively, with compounds 12 and 13. Thus, the rate of thiol consumption is inversely related to the Tinh recorded in the two-phase model. Extrapolation in the NAC-concentration vs time plots to find the time where the aqueous phase was depleted of NAC, showed that this always fell short of the corresponding Tinh. It therefore seems that the availability of aqueous-phase NAC is a limiting factor for the inhibition time.
In an attempt to see if the turnover number of catalyst 11 could be increased, the concentration was lowered from the standard 40 M to 30, 20, 10 and 5 M. As shown in Figure 3 , this was not the case. When the concentration was lowered, the Tinh was accordingly reduced. A similar trend was seen with TCEP. 
Concluding Remarks
As observed previously with the "monomeric" tocopherol derivatives 7, the "dimeric" tellurobistocopherols 9-11 showed considerable antioxidant capacity also in the absence of a co-antioxidant. This may be because the heteroatom is sterically protected.
Otherwise, residual amounts of linoleic acid hydroperoxide tend to oxidize the telluride antioxidant to the corresponding telluroxide, which is considerably less reactive towards peroxyl radicals.
In the presence of NAC as a co-antioxidant, Tinh-values for the "dimers" 9-11 were always longer but never close to twice as long as recorded for the corresponding "monomers" 7a-7d. 8b The largest improvement, +38%, was seen with -tocopherol derivative 9 (634 min instead of 458 min for the corresponding monomer tellurides are chemically more robust than alkyl aryl tellurides. Some time ago we probed the stabilizing capacity of a series of electron-rich diaryl tellurides is polymeric materials. 14 As determined by thermogravimetric analysis many of the compounds were stable at least up to 210 o C. Diaryl tellurides as well as alkyl aryl tellurides are easily oxidized to the corresponding telluroxides. In case the system is depleted in reducing agents, there is a risk that the alkyl aryl telluroxide (but not the diaryl telluroxide) may decompose via a telluroxide elimination reaction. 15 The reactivity of the tellurobistocopherols did not change much Flash column chromatography was performed using silica gel (0.04 -0.06 mm).
Tetrahydrofuran was dried in a solvent purification system by passing it through an activated alumina column. 5-Bromo-δ-tocopherol, 8b 7-bromo-δ-tocopherol 8b and 7-bromo-β-tocopherol 8b and 6-bromochromane 16 were prepared according to literature procedures.
General procedure: Synthesis of tellurobisphenols
To a solution of the appropriate 2-bromophenol derivate (1.0 eq.) in anhydrous THF (10 mL) at -78 o C under nitrogen, tert-butyl lithium (1.7 M in pentane, 3.0 eq.) was added.
After stirring for 2 hours at -78 o C, tellurium tetrachloride (0.5 eq.) was added and the solution was allowed to stir for overnight at ambient temperature. After addition of Na2SO3 (aq., 20 mL) and extraction with diethyl ether (25 mL x 3), the organic layer was dried over magnesium sulfate, filtered and evaporated under reduced pressure. The residue was purified by column chromatography (pentane/ethyl acetate = 90:10) to give the title compound. (9 
5,5´-Tellurobis--tocopherol

